Abstract
INTRODUCTION
Due to increased attention for producer responsibility and take-back of products, the environmental performance of end-of-life processing of products as well as economical considerations have become important. Until now, a very limited number of assessments are published on both the environmental part and techno-economical part of end-oflife processing of consumer electronic products [ 1, 2, 3, 4] . A comprehensive and quantified eco-efficiency approach would help supporting ongoing discussions about responsibilities, organization and financing of the take-back systems. But the fact that end-of-life processing can serve several (partly interlinked) goals has to be addressed as well. These goals are: c.a. TU Delft, D R program, Jaffalaan 9, 2628 BX Delft, The Netherlands, Phone: +31 15 2782738, Fax: +31 15 2782956 .
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Reduction of emissions of environmentally relevant substances; including leaching from landfill sites and incineration slags, etc. In order to enhance the "eco-efficiency over the total product chain", the outcomes of the eco-efficiency calculations will help authorities in formulating criteria for collection of disposed products and in monitoring end-of-life performance of take-back systems. It will also help producers in calculating economical and environmental costs/ revenues on forehand. Furthermore it can help recyclers in finding the right avenues of future technology application and investments. At last, from a consumer or society point of view it helps getting insights in the environmental impacts per amount of money being spent (directly or indirectly). In Figure 1 the general idea behind eco-efficiency calculations is shown. The Y-axis represents some kind of economical index (this can an absolute one, in euros or dollars, or a relative one, in percentages) for a single product. The X-axis represents an environmental index (this can also be absolute, in points or other environmental scores, or a relative one as well).
The points in this graph are possible end-of-life scenarios for one and the same product. In order to achieve a higher eco-efficiency compared with current recycling scenarios, one should move into the direction of the upper right part of the graph. The methodological backgrounds of the new eco-efficiency concept are presented in the next section. Thereafter in Section 3, all data requirements and data availability will be mentioned and a few examples of applying the eco-efficiency concept will be given in Section 4. Finally, some conclusions are drawn in Section 5 
METHODOLOGICAL BACKGROUNDS

Calculating eco-efficiency values
The QWERTY concept
The QWERTY approach is developed at the TU Delft and is initially representing an environmental equivalent for the traditional Material Recycling Efficiency ( M E ) , which is commonly used as a measurement unit for recyclability (for instance in the WEEE draft of the European Union [9]). Environmental and economical calculations are made with the concept using the following steps: 1. The actual costs and revenues/ environmental impacts for a product in a certain end-of-life scenario are determined. Two boundary conditions are set for both economics and environment: a. The minimum environmental impact and minimum costs are defined as all materials being recovered completely without any environmental impact or economic costs of end-of-life treatment steps, thus representing an environmental substitution value and the economic value for newly extracted and produced materials. (Usually both are negative values, maximum environmental gain and maximum revenues -"negative costs".
b. The maximum environmental impact and maximum costs for end-of-life treatment are defined as every material ending up in the worst possible (realistic) end-of-life route, including the usual environmental burden of pre-treatment: collection, transport, disassembly and shredding and separation into fractions. The "realistic" end-oflife scenarios under consideration are controlled and uncontrolled landfillling, incineration with or without energy recovery and all subsequent treatment of material fractions, like copper, ferro
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and aluminium smelting, glass oven and plastic recycler. 3. The actual impacts/ costs are compared with the two boundary conditions and expressed as percentages. All further backgrounds, assumptions and formulas to calculate QWERTY values can be found in [5, 6] . In addition, the Fraunhofer IZM Recycling Potential Indicator (RPI) [7, 8] is used to determine whether the scenarios assessed with the QWERTY concept are technically possible. Also many economical data from id derived from the RPI tool.
The Recycling Potential Indicator
The RF'I determines the techno-economic suitability of certain products (or material fractions/ components) within certain end-of-life scenarios. This techno-economic suitability is calculated by comparing minimal, maximal and optimal concentrations of materials within the fraction being delivered to a secondary material processor. The minimal values usually represent minimal concentrations by which operations can be economically beneficial. The maximal values usually represent maximal allowable concentrations of substances that can disturb processing. In some cases these are absolute values which will never be accepted, in some cases penalties have to be paid for instance for some elements at copper smelters. The technical boundaries for all end-of-life routes (minimal and maximal concentrations) are calculated to remove all unrealistic end-of-life scenarios (like for instance directly processing of TV sets in a glass oven or a too low copper content in a certain fraction to be accepted at a copper smelter).
DATA REQUIREMENTS AND AVAILABILITY
The main data requirements and data availability issues needed for the calculations described in 2.2, are discussed in the this section. In order to determine both environmental and economical values as shown in Figure 1 , the following is needed: Decomposition behavior for products into fractions must be known. This will be discussed in the Section 3.1. An environmental accounting method. This is discussed in a separate Section 3.2 as well Cost data on all end-of-life scenarios. This is highlighted in the Section 3.3.
Shredding and Separation Settings
Shredding and separation settings have a major influence on the environmental and economical results for treatment of disposed products. Many data is available from [ 15,161. These actual data are obtained from many literature sources and from contacts with Dutch and German recyclers. From these sources, three calculation modules are derived, describing the distribution of all environmentally relevant materials over all fractions and end-of-life routes. Three types of pre-treatments, with process-step sequences representing the European situation, are implemented in the eco-efficiency calculations. The three modules are: 1. Regular shredding and separation of browngoods without CRT's (Cathode Ray Tubes), resulting in four fractions: a copper, aluminium, ferro and residue fraction. Regular disassembly of housings and CRT's, followed by shredding and separation of the remaining for CRT-containing browngoods, resulting in six fractions as depicted below in Figure 2 .
2.
CRT containing appliances fl Plastics (5) Glass ( 
Environmental assessment models
The basic QWERTY concept uses 'environmental values'. These values can be derived from any comprehensive method that produces these scores, but also methods only addressing one single environmental effect, like, for instance, global warming, can be used. Three Life Cycle Assessment (LCA) methods and one method focusing on a single environmental theme are integrated in the QWERTY concept: The Eco-Indicator '95 [ I l l , its successor, the Eco-Indicator '99 [IO] and the EPS 2000 method [12] . The last method is the Fraunhofer Toxic Potential Indicator, which only addresses potential toxicity [7] . Although calculations are made with all four methods, in this article the Eco-Indicator'99 is used as a default method, while it is the most transparent and modern method describing the environmental relevance related to the goals mentioned in the Introduction. All contributions to all environmental effects, including land-use, are translated to actual damage inflicted to eco-system quality, human health and resource depletion.
Cost Data
Many of the data to determine the Y-axis of Figure 1 is derived from the Fraunhofer RPI tool and the TU DelftPhilips PMRCM (Product Material Recycling Cost Model) [14] . Further data is derived from Dutch and German recyclers and waste processing installations. Included are: 1.
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Sorting, registering, transportation and buffer storage costs. Integral costs for shredding and separation. Costs at primary copper smelting: a. Treatment charges, analysis and administration costs, as well as price adjustments percentages for recovered metals. b. Refining charges and unit deductions for copper, silver, gold and palladium (including concentration dependencies). c. Costs for penalty elements like arsenic, chlorine, mercury, lead, antimony and bismuth (concentration dependent). Costs at ferro and aluminium smelter processes. Costs at incineration sites, both MSW incineration and special waste incineration, also including charges for all environmentally relevant materials (concentration dependent). Costs at landfill sites, also including charges for all environmental relevant elements occurring in disposed consumer electronics (concentration dependent). Costs for plastic recycling including cleaning and upgrading, color sorting. Disassembly costs based on disassembly times for standard operations. Revenues paid for all recovered materials.
EXAMPLES
CRT containing appliances
In this section, eco-efficiency calculations on the treatment of CRT containing appliances and cellular phones are illustrating the new eco-efficiency concept for end-oflife systems. In Figure 3 , the underlying economic and environmental values for the eco-efficiency calculations are shown in detail. Here, it is shown that glass in the Non-CRT scenario causes extra costs, whereas in the CRT-scenario, the glass fraction results in some economical revenues. Also the theoretical minimum environmental impacts/ minimum costs and the maximum environmental impacts/ maximum costs are presented. This is representing a theoretical best case of € 1,15 revenues and 213 mPt prevented environmental impact, a theoretical worst case of € 1,70 and 29 mF't of environmental impacts. From Figure 3 (and later on in Figure 4) it is clear that the current scenarios for end-of-life treatment of CRT containing appliances are far away from the upper right comer of the eco-efficiency graph. The actual values for modem treatment of CRT containing appliances (see Section 3.2) are € -0,35 costs and -73 mPt environmental impact. This is including glass recycling. The data of Figure 3 is implemented in the original ecoefficiency graph of Figure 1 . The result, the eco-efficiency of CRT containing appliances for several end-of-life treatment options is depicted in Figure 4 . Economical costs/ revenues are on the Y-axis; environmental losses/ gains are depicted on the X-axis. Note that absolute n mbers are implemented. In this Figure 4 , it is shown that the disassembly of housings and picture tubes has a positive effect on both the economic and the environmental values. It is not a surprise that the treatment of CRT containing appliances as a part of the regular browngood stream (Non-CRT) will especially result in lower economic revenues. Both the incineration and landfill scenario are in comparison with the Non-CRT scenario not very beneficial for the environment, whereas the costs/ revenues are more or less comparable with the Non-CRT treatment.
Cellular phone treatment scenarios
With the concept, also other (hypothetical) scenarios can be assessed. Two possible improvement scenarios are evaluated. The first scenario is the separate collection and treatment of cellular phones as described in Section 3.2, the second scenario is the disassembly of cellular phone housings in order to meat traditional recyclability targets. In Table 1 , some figures for different end-of-life treatment options are given for one average kg of cellular phones. The environmental and economical data of Table 1 are dominated by the relatively high amounts of precious metals in these products. In Figure 5 , the results are implemented in the "relative version" of Figure 1 . Results for both scenarios, illustrated in Figure 5 , show that a minor environmental improvement is obtained against relatively high (disassembly) costs for the disassembly scenario. The eco-efficiency has decreased in comparison with the second improvement scenario, the separate collection and treatment of cellular phones. In this case, the higher economic and environmental revenues for not diluting precious metals are outweighing the costs for separate collection and sorting (under the assumption that a sufficient number of cellular phones is available). RPI analysis is showing that the scenarios illustrated above are technically possible, which means that minimum and maximum concentration levels, set by secondary material processors, are met. However, for instance in the case of the separate collection and treatment of cellular phones, the copper fraction is technically not optimal for further processing in a copper smelter process. Relatively small penalties are paid for one or two "disturbing substances" and also the aluminium content is too high, although still acceptable. Design improvements regarding the use of these substances can lead to better processing with both positive environmental and economical consequences in the end-of-life phase of cellular phone. If the life-cycle perspective is taken into account, a real ecoefficient improvement over the total product chain can be realized here.
CONCLUSIONS AND OUTLOOK
In the examples of Section 4, it is shown that environmental recovery and economic recovery often go hand in hand. The example of cellular phone processing shows that the "eco-efficiency over the proGuct chain" can be improved, within the technical limitations of current recycling infrastructures, by separate collection of disposed phones, adjusted shredding and separation technology and selected design adaptations. Generally it can be concluded that addressing economical costs and revenues in relation to environmental costs and revenues on a quantitative way, is a powerful concept in rethinking about the eco-efficiency of the end-of-life of consumer electronic products. Furthermore, better insights in the performance and the demands and constraints of secondary material processors are obtained. Calculations also show a relatively high influence on both economical costsl revenues and environmental costsl revenues of copper smelter processes. Further research on this issue will be conducted at the TU Delft in the near future.
